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I. INTRODUCTION
Iijima's report 1 in 1991 regarding carbon nanotubes and Novoselov's report 2 in 2004 about graphene stimulated a deluge of researches and progresses in carbon nanostructures. So far, many promising breakthroughs have been achieved owing to the prominent electrical, thermal, and mechanical properties of single-walled carbon nanotubes (SWCNT) and graphene in the fields of super-thin capacitors, field effect transistors, molecular sensors, drug delivery, biomimetic materials, and so forth. [3] [4] [5] [6] Especially, the concept of flexible and stretchable electronics is based on the development of conductive graphene films, which will bring the great revolution to current technology for much faster, thinner, and stronger electronic product. 7, 8 To synthesize these nano-scale materials, arc discharge supported by the erosion of graphite anode is considered as one of the most practical and efficient methods, which has the great advantage to obtain better-quality product with minimal defects and large yield due to relatively high synthesis temperature and eco-friendly growth mechanism. In order to increase the controllability and variety of as-synthesized product, non-uniformed magnetic field with the component normal to arc current flux was introduced into the reaction chamber during the synthesis processes, which was demonstrated previously. [9] [10] [11] [12] [13] The magnetically enhanced arc can reduce the diameter distribution of SWCNT, change the ratio of metallic and semiconducting SWCNT, and produce carbon nanostructures including high-purity SWCNT and large-scale graphene in one step with the tendency to grow in different regions. 14, 15 This way, the electronic conductivity of assynthesized carbon nanostructures can be increased and the process can be scaled up for industrial production easily. However, there are still unresolved questions concerning the optimum growth temperature for nanostructures and appropriate density ratio of carbon and catalyst species in arc. The in situ investigation during the arc processes, therefore, is crucial for the understanding of the nucleation dynamics of species and the further controlling synthesis of carbon nanostructures in arc.
According to the features of arc-synthesized processes, most species involving ions, atoms, and molecules are formed in the excited states and hence arc emission spectral measurement can offer a good way to investigate the temporal evolution and dynamics processes of various fundamental for the growth of SWCNT and graphene. Furthermore, the analysis of arc emission spectra is a non-invasion approach that provides accurate measurement compared to postsynthesized methods. There are few reports on the arc plasma parameters estimated by optical emission spectra for carbon nanotubes synthesis. [16] [17] [18] In this paper, on the basis of analysis of arc emission spectra, we investigate the effect of arc parameters not only on the growth of SWCNT without magnetic field but also on the formation of graphene enabled by non-uniformed magnetically enhanced arc. The synthesis regions and growth precursor of SWCNT and graphene are also discussed in terms of the proper density ratio of carbon and metallic catalyst generated from the vaporization of the anode in arc.
The paper is organized as follows: The experimental setup for synthesis of carbon nanostructures and the analysis system for emission spectra in arc discharge are first described in Sec. II. As-synthesized carbon nanostructures characterized by TEM and Raman are shown in Sec. III. In light of arc emission spectra, Secs. IV and V demonstrate the determination of vibrational temperature in arc under various magnetic conditions, compare the measured temperature with simulated value, and discuss the synthesis region and proper density ratio for the growth of SWCNT and graphene. The results are summarized in Sec. VI.
II. EXPERIMENTAL SETUP
Carbon nanostructures synthesis was carried out in a cylindrical stainless steel chamber with 254-mm length and 152-mm diameter shown in Fig. 1(a) . The cathode is a solid graphite rod with the diameter of 13 mm, and anode is a hollow graphite rod with the inner and outer diameter of 2.5 and 5 mm, respectively. Graphite powder and catalyst powder of nickel and yttrium were mixed well and filled firmly inside the anode keeping the total molar ratio of C:Ni:Y is 94.8:4.2:1.
9,10,19-21 Initially, the chamber was pumped down to the pressure less than 10 À1 Torr vacuum and then filled in by helium with purity of 99.995% up to 500 Torr. SWCNT synthesis without magnetic field was done with the fixed arc current of about 60 A and discharge voltage of 30 V, and more details can be found elsewhere. 10, 14 In the case of the synthesis of carbon nanostructures including SWCNT and graphene in a magnetic field, a permanent magnet was placed in the reaction chamber at 25-mm distance from the central axis of electrodes and 75-mm distance from the bottom of permanent magnet to interelectrode gap. 11, 22 A rectangular molybdenum sheet was installed at one side of permanent magnet to serve as the synthesis substrate for carbon nanostructures delivered from the plasma jets. The electrodes gap was adjusted to about 3-mm distance where the magnetic field strength was measured to be about 0.06 T. The arc current and voltage for magnetically synthesizing were 75 A and 30 V, respectively.
A black acetal copolymer cylinder with 120-mm length and 50-mm diameter was amounted outside a quartz viewport of the reaction chamber. Two straight holes of 1-mm diameter with 10-mm interval on the surface were drilled through the cylinder to fit optical fibers of spectrometer. According to the distance between the head of optical fiber and the arc center, one can calculate the effective spot radius in arc discharge, which equals 1.2 mm in this experimental setup. The emission spectra of the arc were measured using a spectrometer (EPP2000-UVN-SR model, StellarNet Inc.), which has the optical resolution of 1 nm with 14-lm slit and the diffracted light was recorded by a 2048 pixel CCD. For the synthesis of SWCNT without magnetic field, the first spot (N1) shown in Fig. 1(b) was located in the center to analyze arc spectra in highest-temperature region, while the other spot (N2) with 10-mm horizontal distance to N1 corresponding to the arc edge, where it was considered as the growth region of SWCNT. Regarding the experimental setup for magnetized synthesis, the two spots for optical fibers were designed differently due to the jet-shaped arc plasmas. The spot marked as B1 in Fig. 1(b) was in the middle of plasmas jet, for the purpose to investigate the various species delivered by plasmas jet. The spot B2 was drilled at the edge of cylinder with 10-mm distance to B1 in order to capture the arc spectra in the tail of plasmas jet near the Mo substrate for the synthesis and collection of SWCNT and graphene. 22 
III. CHARACTERIZATION OF CARBON NANOSTRUCTURES
The morphology of SWCNT synthesized in magnetically enhanced arc observed by TEM is displayed in Fig.  2(a) . It can be seen that high-purity SWCNT are closepacked into bundles with diameters ranging from 2 to 15 nm. Fig. 2(b) shows the TEM image of few-layer graphene and the energy-dispersive x-ray pattern (EDX) associated with the graphene. The diffraction pattern arrayed in hexagonal dots presents the evidence of well-ordered crystal structures. The Raman spectra of SWCNT synthesized without magnetic field and carbon nanostructures with magnetic field was performed by a micro-Raman system (Horiba, HR) with range of about 1000 to 3200 cm À1 as it is demonstrated in Fig. 2(c) . The D mode at $1330 cm À1 originates from structural defects of graphite-like materials, and the G mode at $1600 cm À1 stems from in plane vibrations which can be observed in all sp 2 carbon materials. Therefore, the ratio of the G to D modes is conventionally used to evaluate the structural quality of carbon nanostructures. From Fig. 2(c) , it can be calculated that the ratio of intensity I(G)/I(D) of the carbon nanostructures synthesized in arc with magnetic field is significantly larger than the contrast sample, showing the SWCNT and graphene by magnetically enhanced arc have less defects. The 2D mode at $2660 cm À1 is a second order peak of the D mode but is seen even in non-disordered systems, due to the fourth order phonon momentum exchange double resonance process. The intensity I(2D)/I(G) decreases with the addition of subsequent layers, thus making it possible to estimate the thickness of graphene layers. 23 The value of I(2D)/I(G) is around 1 in the Raman spectrum of graphene, indicating the evidence for few-layer graphene.
IV. ARC EMISSION SPECTRA
After the arc was ignited, the carbon, nickel, and yttrium powder associated with graphite anode were evaporated by heat transferred from the arc. The time-series emission spectra with interval of 190 ms were collected through the arc vapor mixture for 3 s starting from arc ignition under various magnetic conditions. Fig. 3 shows the typical arc emission spectra captured after 1.5 s from arc start for spots N1, N2, B1, and B2, respectively. The emission spectra are dominated by carbon diatomic Swan bands (C 2 ) with the transition from upper electronic lever of d 3 P g to lower lever of a 3 P u . One can see the prominent Swan band sequences of Dv ¼ À2, À1, 0, 1, and 2 marked in spectra. The emission lines of nickel (Ni I) around the wavelength of 352.5 nm and yttrium atom (Y I) at 643.5 nm are also displayed in Fig. 3 . The major peaks of spectral bands and their possible transactions are listed in Table I .
According to the band peaks of well-defined species in arc emission spectra and assuming local thermodynamic equilibrium (LTE), the Boltzmann plot method can be employed to determine the arc temperature in experiments. 24, 25 The intensity of a spectral line from inital state (n) to final state (m) is defined as
where N n is the density of molecules in initial state, h is the Planck constant, c is the speed of light, r nm is wavenumber emitted in the transition and A nm is the transition probability, which can be deduced as
S nm is defined as band strength between the two energy levels, and g n is statistical weight of initial energy level.
The Swan bands C 2 which dominate Fig. 3 arise from transitions between the electronic states of d 3 P g and a 3 P u , containing well-defined vibrational heads in the Dv ¼ À2, À1, 0, 1, and 2 sequences. Vibtational temperature can be determined according to the vibrational fine structures of C 2 spectra, where the thermal equilibrium is assumed among vibrational states. Define v 0 and v 00 as the vibrational quantum numbers of the upper and lower vibrational levels, respectively. Hence, taking into account the two equations above, it follows that the relative emission coefficient of two vibrational lines between the d 3 P g and a 3 P u electronic states of the C 2 molecules is given by where D is a constant determined by experiments and Gðv 0 Þ is the vibrational energy of the upper state.
After taking logarithms, Eq. (3) can be deduced as
According to Eq. (4), left-hand side term can be expressed as a function of Gðv 0 Þ. Therefore, the vibrational temperature is determined by the slope of the straight line obtained from the linear regression. The parameters of Swan bands C 2 for temperature determination can be found in Refs. 26 and 27. Fig. 4 shows the Boltzmann plots of four spots in arc under various magnetic conditions. Considering the standard errors of linear regression, the vibrational temperature of N1, N2, B1, and B2 is deduced as ð6:9561:01Þ Â10 3 K, ð4:1960:60Þ Â 10 3 K, ð5:2060:40Þ Â 10 3 K, and ð3:6260:46Þ Â10 3 K, respectively. In addition to experimental data, the numerical simulation of carbon arc discharge was carried out inside the discharge chamber to obtain the temperature and species distribuiton. Electrode heating and sublimation rate were coupled with flow expansion to evaluate the instantaneous mass rate of ablation self-consistently. Two-dimensional electric field is considered to simulate the arc. Conservative form of Navier-Stokes equations with electromagnetic source and energy equation are solved using SIMPLER algorithm. 28 For a given arc current and electrode gap, initially the electric potential is solved to obtain the potential field distribution. Then current is calculated from potential field and the azimuthal component of self-induced magnetic field is obtained using Ampere's law. Sublimation rate is calculated using Langmuir evaporation model. Species diffusion is solved separately for C, Ni, and Y to obtain the respective mass fractions inside the fluid domain. Ionization fractions are calculated for the individual species using Saha equaiton with LTE plasma assumption. Momentum and energy equations are solved using finite volume discretization and SIMPLER algorithm to obtain velocity distribution. Power law scheme is used to obtain the fluxes on the cell faces. Energy equation is then solved to obtain the temperature distribution. Using the equation of state, overall density distribution is obtained. This order is repeated until convergence is achieved at any time step. This procedure is repeated at all time steps to obtain the transient results. Further details of modeling, boundary conditions, and the simulation are found in Ref. 29 .
The calculated distributions of temperature and electron density in the discharge are shown in Fig. 5 . The highest numbers of temperature and density, 7020 K and 7:5 Â 10 20 m
À3
, respectively, were observed in the arc center. The disk like radial distribution of temperature is due to convection. The subplot in Fig. 5 shows calculated temperature (black curve) along the radial direction from arc center and measured temperature (blue points with vertical error bar) at spots of N1 and N2 without magnetic field. Note in the context the effective radius of spots is 1.2 mm, which is also marked as horizontal error bar in Fig. 5 .
V. DISCUSSION
In order to analyze the arc emission spectra, it is curial to know the major contributors among vapor components for emission spectra during synthesis processes. In our experiments, the evaporation rate of the anode maintains a value of about 19 mg/s for SWCNT synthesis without magnetic field and about 23 mg/s for that with a magnetic field. As demonstrated in the context, the temperature in arc center is about 7000 K during the synthesis process. At such high temperature, the carbon and other catalyst particles can evaporate to gaseous status completely. Taking the assumption of thermodynamic equilibrium status for the vapor mixture, the flow rate of vapors in arc is roughly estimated to be around 2130 sccm without magnetic field and 2580 sccm with magnetic field, respectively, indicating the carbon and catalyst vapors can fill the discharge region sufficiently without the contribution of helium. 30 This is corresponding to the arc emission spectra in Fig. 3 , where intensity peaks of helium element are difficult to be identified. Among the species detected in arc emission spectra shown in Fig. 3 , the band emission originating from C 2 dominates arc spectra and it is also considered as the intermediate product of carbon vapor nucleation and the precursor of carbon nanostructures growth. The analysis of C 2 band is of particular interest since it can provide an estimation of the plume temperature, which is essential to determine the growth regions of carbon nanostructures. According to the Boltzmann plots shown in Fig. 4 , the vibrational temperature of arc center (N1) without magnetic field is about 6950 K, where the mixture of carbon and catalyst powder can be evaporated to gaseous status by tremendous heat. Once the vapor mixture flows to lower-temperature zone, i.e., arc plume boundary (N2), the temperature will reduce to $4000 K. The carbon atoms can nucleate with catalyst particles for carbon-catalyst alloy and then precipitate to form SWCNT. This step is considered as the essential step during the synthesis processes of SWCNT. Regarding the synthesis of SWCNT and graphene with magnetic field, the magnetically enhanced arc is confined by the Lorentz force, which generates the plasma jet and makes effective delivery of carbon particles and heat flux. So the vibrational temperature in spot B1 is around 5200 K, much higher than that in spot N2. At the tail of plasma jet (B2), Mo sheet was placed on the side of permanent magnetic serving as growth substrate for graphene in term of surface-catalyzed mechanism. 31 The plasma jet can provide heat flux to Mo sheet continuously, keeping the vibrational temperature of spot B2 around 3600 K.
Since the density of species can be estimated from the intensity of emission, the intensity ratio of carbon and catalyst in arc emission spectra is appropriate to investigate the growth condition of carbon nanostructures. The ratio of carbon diatoms and nickel atoms in temporal evolution is displayed in Fig. 6 . The emission intensities of C 2 and Ni I are selected from the wavelength of 516.5 and 352.5 nm, respectively. In the case of SWCNT synthesis without magnetic field, it is confirmed that the stable evaporation of anode rod is going on since the values of I(C 2 )/I(Ni I) in the center (N1) and bourdary (N2) of arc are keeping about 5 except for the initial points in Fig. 6 . However, I(C 2 )/I(Ni I) in the middle of plasma jet (B1) with magnetic field presents the dramatically larger and unstable values. This is due to the fact that nickel particles have been attracted by magnet following plasma jet in higher flux so that the density of nickel atoms is pretty less than that in the tail of plasma jet (B2) where Mo sheet placed as growth substrate blocks the movement of nickel particles. Based on the TEM, Raman and emission spectra measurements, it can be concluded FIG. 5 . The temperature and electron density distribution contours inside the discharge chamber. The subplot shows simulated temperature (black curve) along the radial direction from arc center and measured temperature (blue point and error bar) at spots of N1 and N2 without magnetic field.
that the proper density ratio of carbon diatoms and nickel atoms is around 5-7 for the synthesis of SWCNT and graphene as shown in Fig. 6 .
VI. SUMMARY
In summary, we presented in situ emission spectra analysis during the processes of carbon nanostructures synthesis in arc. Based on the arc emission spectra in four spots under various magnetic conditions, vibrational temperatures were determined to assist with further understanding of the growth regions of SWCNT and graphene in arc. The analysis of arc spectra provided a unique investigation of the transformation and nucleation processes of different species. Simulated temperature distribution was found to be in agreement with experimental data. Based on the TEM, Raman, and emission spectra measurements, it was concluded that the proper density ratio of carbon diatoms and nickel atoms is around 5-7 for the synthesis of SWCNT and graphene. 
